Original scientific paper In this paper the microalloyed high-strength low-alloy (HSLA) Niomol 490K steel with an addition of niobium (0,032 wt. %) has been investigated. Heat treatment of the steel consisted of austenitisation at 1250 °C for 3 minutes and reheating up to 750 °C for 5 s. After austenitization the quenching was carried out in water with temperature of 70 °C and then in a lead bath up to 400 °C following cooling on the air. It was found that Charpy impact energy is higher and the transition temperature is lower for the transformation of austenite to bainite than to martensite microstructure. Experimental results showed that different fracture surface was observed. It is shown that preferred cleavage fracture occurred in the lattice plane (001) 
Introduction
High strength low alloy (HSLA) steels represent a group of low carbon steels that utilise small amounts of alloying elements, such as Mo, Ti, V and Nb, to attain high yield strengths in the as rolled condition [1÷3] . The main properties of HSLA steels are: high strength and toughness, corrosion resistance, weldability and cost effectiveness [4, 5] . They are used for different applications (pipelines, offshore platforms, ship buildings, reservoirs for liquid natural gas etc.). HSLA steels are used for petrochemical vessels because of their excellent weldability and resistance to hydrogen embrittlement. It is known that the toughness and transition temperature are very important for these steels and because of that Charpy impact energy is highly dependent on the microstructure [6, 7] In the previously published study it was found that the toughness transition temperature of welded plates with thickness 15 was by about 20 °C higher than for 25 mm plates [8] . This finding confirmed simulation results with different 800 °C to 500 °C cooling rate [9] . In the scientific literature this problem has not been described yet. It is well known that microstructures of the base metal, heat affected zone (HAZ) and weld metal are different [10] . It is the result of effect of heat flow and the cooling rate of steel during welding process. For example, in this case of multilayer welding the deposition of each layer includes heating of underlaying microstructure [11] . Difference in transition temperature of HAZ of weldments of structural steels is explained with the effect of local brittle zones (LBZ) [12, 13] . It was suggested that the ability of Charpy tests to detect brittle zones was questionable [14] and that for the same steel the welding procedure should be adjusted to the thickness of the welded plate. LBZ-s cause instable local fracture behaviour of the steel in HAZ [15] . In highly constrained geometries, the local toughness dominates the failure process and deviates the crack into harder and more brittle weld metal, while in low constraint configurations, the size of the plastic zone promotes crack deviation into the softer and tougher parent plate [16] . By testing of simulated welds a linear relation between the inverse square root of the fracture facets size and the impact transition temperature was found [17] . LBZ were found also in HAZ of welds of the cryogenic 9 % Ni steel [18] .
It is concluded from the survey of references that the harmful effect of LBZ on toughness is well established, nevertheless, no experimentally verified explanation of the propensity of different microstructure to form LBZ in the HAZ of welds was proposed, so far. Based on the field of experience and investigation [19] , it was assumed that the formation of LBZ is related to changes in particular constituents of HAZ microstructure. The aim of this investigation was to verify the effect of short reheat at a temperature of partial transformation on notch properties of martensite and lower bainite microstructure [20] .
Experimental work
All experimental work was performed on the HSLA Niomol 490K steel produced by electric furnace in industrial conditions. The chemical composition of the investigated steel is shown in Tab. 1.
As can be seen from Tab. 1 the steel is microalloyed with niobium in order to accelerate the formation of ferrite and due to grain refinement [21, 22] . The steel slabs were hot rolled into plate 15 mm thickness. Samples cut from 15 mm plate were austenitised at 1250 °C with holding time of 3 minutes. The first group of Technical Gazette 23, 3(2016), 761-767 [23, 24] , and the space orientation of cleavage facets was determined with electron backscatter diffraction (EBSD) method [25] .
Results and discussion
Representative scanning electron micrographs of the Niomol 490K steel in different states are presented in Figs. 1÷3. The microstructure of the as delivered steel consisted of acicular ferrite and degenerated pearlite (Fig.  1a) . This pearlite can be formed by nucleation of cementite at austenite/ferrite boundaries followed by carbide-free ferrite layers enclosing the cementite in the temperature range the formation of conventional lamellar pearlite and upper bainite [26] . After rapid heating up to 750 °C microstructure consisted of accicular ferrite, degenerated pearlite and secondary martensite (Fig. 1b) . The quenching in water from 1250 °C produced a coarse microstructure with platelets of ferrite and lath of primary martensite (Fig. 2a) . After rapid heating of quenched samples up to 750 °C primary and secondary martensite occurred (Fig. 2b) . In Fig 2b stringers of cementite particles in ferrite grains and inserts of secondary martensite at grain boundaries can be also observed. The cooling in lead bath from 1250 °C up to 400 °C produced the coarse grain of bainite microstructure that consisted of stringers of cementite particles at borders of ferrite platelets, (Fig. 3a) . After reheat (up to 750 °C) lower bainite which was obtained with cooling in lead bath from 1250 °C changed into a microstructure consisting of platelets of secondary martensite at the boundaries of coarse grains and bainite microstructure (Fig. 3b) . The hardness values of the different microstructures are listed in Tab. 2. The low hardness of the as delivered steel increased significantly after reheat (248 HV5). After water quenching from 1250 °C the hardness was much higher in comparison to the initial hardness (hardness of the as delivered steel). After water quenching from 1250 °C, the greatest hardness was obtained (383 HV5) that decreased significantly at reheat, still, it remained high. After quenching in lead bath from 1250 °C the hardness was increased moderately (257 HV5) and it was higher after reheat. The experimental findings on microstructure
(Figs. 1÷3) and hardness (Tab. 2) indicate that depending on the initial microstructure three different processes may occur at short reheat: (1) the dissolution of cementite with a formation of secondary austenite around cementite particles in the interior of ferrite grains and its transformation to secondary martensite at cooling, (2) the formation of inserts (grains) of secondary martensite at triple points and boundaries of ferrite grains and (3) the decomposition of primary martensite. [27] . In this investigation the trend in shift in the transition temperature was observed. The upper shelf Charpy V-notch impact energy is high (about 240 J) and the Charpy transition temperature is low (about −70 °C) for the as delivered steel (Fig. 4) . After quenching from 1250 °C Charpy imapct energy is decreased, while transition temperature is increased (Figs.  6 and 7) . After reheating up to 750 °C the Charpy Vnotch impact energy is decreased little for the as delivered steel (by about 40 J), more for martensite (by about 60 J) and the most for fine and coarse lower bainite microstructure (by about 200 J). Also after reheating the transition temperatures are increased, especially for the fine and coarse lower bainite microstructure.
The results of Charpy tests (Figs. 4÷6) on the same steel cooled to fine and coarse martensite and lower bainite show that the fracture energy was greater and the b) a) transition temperature was lower for lower bainite than that for martensite. After the applied reheat (up to 750 °C), the fracture energy was decreased and the transition temperature increased much more for lower bainite than for martensite. The difference reflects the change of both initial microstructures at reheating temperature and air cooling. For bainite, in areas of cementite particles in the interior of ferrite grains secondary martensite was formed at reheat, while, at reheat virtually only a partial decomposition of primary martensite occurred in the interior of grains. In the very short reheat time of some seconds, secondary austenite rich in carbon was formed with dissolution of cementite particles and then transformed to secondary martensite at cooling. The extent and form of decomposition of primary martensite in the applied reheating are not clear, yet. The extent of formation of secondary austenite with dissolution of cementite particles was sufficient to produce a volume of martensite that greatly diminished the notch toughness. Also, the change of primary martensite at reheating decreased significantly the fracture energy, however, the decrease was much lower than for bainite. An opposite effect would be expected after the completed decomposition of martensite. The fast formation of inserts of secondary martensite at grain boundaries of ferrite for the initial microstructure of martensite and lower bainite grains suggests the grain boundary carbon segregation and the piping diffusion of segregated carbon to the points of faster formation of austenite with high solubility for carbon. The effect of these inserts is not clear, nevertheless, it is possible that they are responsible for the decrease of Charpy impact energy of martensite after reheat.
It is evident that the effect of short reheating in the ferrite+austenite range is more harmful for notch toughness of lower bainite than of martensite. Therefore, it is expected that the propensity to form local brittle zones (LBZ) is greater for lower bainite than for martensite. The very different Charpy imapct energy for similar hardness suggests that the physical form of presence of carbon, in precipitates or in solid solution in martensite, affects differently notch toughness temperature than hardness.
The findings in this investigations show that for HAZ the transformation of austenite to lower bainite is more harmful for the weld quality, than the transformation to martensite, in spite of the lower hardness of bainite. Also, for notch toughness of HAZ of structural steels of similar composition that the investigated, slower cooling could be more harmful than faster cooling. Selected fractographic observations made on some broken Charpy V-notch samples are shown in Figs. 7÷10. As can be seen three fracturing mechanisms were identified for the three levels of Charpy impact energy. At high Charpy impact energy the fracture surface consisted of areas of normal and of shear decohesion with dimples of different size (Fig. 7) . Most of the fracturing energy in a) b) ductile range is consumed for the plastic deformation before the crack is started at the notch tip. Similar fracture mode is observed on microalloyed cast steel after postforging heat treatment [28] . At temperature above −20 °C fracture consisted of a mixture of brittle and ductile surface (Fig. 8) . After quenching from 1250 °C in water the cleavage facets were coarse (Fig. 9 ) and without details related to the presence of inserts of secondary martensite at grain boundaries. After reheating up to 750 °C was observed brittle fracture by cleavage mechanism (Fig. 10) . The shape and size of brittle facets was related to the size of ferrite grains. Brittle crack initiation is probably associated with carbide particles at boundaries for bainite and martensite microstructures. It is in accordance with previous fractography study [29] on Charpy V-notch impact tests which showed that microalloying elements can change the fracture mode from ductile to brittle.
The cleavage could occur in (110) and (100) lattice planes with a greater density of rivers for the (110) planes. The examinations of the obtained fractures did not confirm this observation although on cleavage facets of coarse lower bainite the rivers density was greater. The accurate EBSD (electron backscatter diffraction) analysis is achieved with the angle of approximately 70° between the facet surface and the incident electron beam and a small distance between the incident spot and the electron collector. This geometry could not be achieved at the examination of the uneven fracture surfaces. 
Conclusions
On the basis of experimental findings in this investigation and their analysis the following conclusions are proposed: -the Charpy impact energy is higher and the transition temperature is lower for the transformation of austenite to bainite than to martensite microstructure; -after short reheat at 750 °C and air cooling Charpy impact energy was decreased for approximately ten times and the transition temperature increased above 40 °C for bainite microstructure. -particularly harmful for notch toughness and transition temperature is the transformation of austenite formed at reheat in the interior of ferrite grains with dissolution of cementite particles to secondary martensite; -physical form of the presence of carbon in the microstructure, as precipitates or in solution in martensite, has a different effect on notch toughness than on hardness. For this reason, at similar hardness different notch toughness properties could be obtained; -although beneficial in terms of notch toughness and transition temperature, the transformation of austenite to lower bainite in the HAZ of welds is to be avoided because of its higher propensity to form local brittle zones at short reheat in the austenite + ferrite range. -different fracture surfaces are observed and preferred cleavage fracture occurred in the lattice plane (001) independently on steel microstructure.
